INTRODUCTION
Degradable intake protein (DIP) is the proportion of dietary CP that is ruminally degradable (NRC, 2000) . A supply of DIP is necessary to meet requirements for microbial CP (MCP) synthesis. ABSTRACT: Increased availability of rapidly fermentable carbohydrates and a great proportion of corn-derived CP in the diet may result in a degradable intake protein (DIP) deficit. Therefore, ruminal DIP deficit may result from high dietary inclusion of processed corn grain and small to moderate inclusion of corn distillers grains (DG) . Two experiments were conducted to evaluate the effect of increasing dietary DIP concentration through the inclusion of urea on feedlot cattle performance, carcass characteristics, ruminal fermentation, total tract digestibility, and purine derivatives-to-creatinine (PDC) index. In Exp. 1, 42 steers (428 ± 5 kg initial BW) were assigned randomly to 1 of 3 diets containing (DM basis) 0 (control [CON] ), 0.4 (low urea [LU] ), or 0.6% urea (high urea [HU] ) to provide 6.4, 7.5, or 8.0% dietary DIP, respectively, and 12% high-moisture corn (HMC), 20% corn dried DG with solubles (DDGS), 10% ryegrass haylage, 2.9% dry supplement, and dry-rolled corn (DRC). Steers were fed ad libitum once daily using a Calan gate system. Carcass-adjusted final BW and DMI were similar among treatments (P ≥ 0.58). Carcass-adjusted ADG was greater (P ≤ 0.04) for the HU diet compared with the LU and CON diets and was similar (P = 0.73) between the LU and CON diets. Carcass-adjusted G:F was greater (P = 0.03) for the HU diet compared with the LU diet, tended (P = 0.09) to be greater compared with the CON diet, and was similar (P = 0.61) between the LU and CON diets. Carcass characteristics were similar (P ≥ 0.34) among treatments. In Exp. 2, 4 ruminally cannulated steers (347 ± 18 kg initial BW) were randomly assigned to a replicated 2 × 2 Latin square design. Steers were fed the same CON or HU diet used in Exp. 1 ad libitum once daily. Differences in the PDC index were used as indicators of differences in microbial CP synthesis. Ruminal pH, OM intake, and starch and CP digestibility were not affected by treatment (P ≥ 0.13). Digestibility of OM and NDF and ruminal concentration of ammonia-N and total VFA were greater (P ≤ 0.04) for the HU diet compared with the CON diet. The PDC index was similar (P = 0.81) between treatments at 2 h before feed delivery: 4% lower and 14% greater for the HU diet compared with the CON diet at 4 and 10 h after feed delivery, respectively (P < 0.01). These results suggest that, due to limited DIP supplied by a DRC-and HMC-based feedlot diet containing 20% DDGS, urea supplementation resulted in improved ruminal fermentation and feed digestibility, which may explain the concurrently improved cattle performance. while dietary N is the main N source (Allison, 1969; Leng and Nolan, 1984) . The fermentation rate of feed is positively associated with microbial efficiency (MCP produced/TDN intake; Van Soest, 1994) as it permits faster microbial growth and thereby dilutes microbial maintenance requirements. Therefore, high dietary inclusion of extensively processed grains may result in increased DIP requirements of ruminal microbes. In addition, corn-based diets may not supply adequate amounts of DIP because corn CP is approximately 60% rumen undegradable. Consequently, addition of a highly rumen-degradable N source, such as urea, could result in improvements in ruminal fermentation and animal performance Gleghorn et al., 2004; Wagner et al., 2010) .
Concentration of CP in corn distillers grains (DG) ranges between 24 and 32% (NRC, 2000) . However, a high proportion of CP in DG may be indigestible (Sniffen et al., 1992) . Few researchers have investigated the need for DIP supplementation in DG-containing diets (Vasconcelos et al., 2007; Ponce, 2010; Jenkins et al., 2011) and none of them evaluated the impact of urea supplementation on ruminal fermentation and feed digestibility at moderate dietary DG inclusion.
The objective of these experiments was to evaluate the effect of increasing dietary DIP concentration through urea inclusion in concentrate-based finishing diets with moderate corn DG inclusion on feedlot cattle growth performance, carcass characteristics, ruminal fermentation, total tract feed digestibility, and purine derivatives-to-creatinine (PDC) index.
MATERIALS AND METHODS
Two experiments were concurrently conducted at the University of Minnesota North Central Research and Outreach Center (NCROC) in Grand Rapids, MN. Animal care and handling procedures were approved by the University of Minnesota Institutional Animal Care and Use Committee.
Experimental Diets and Degradable Intake Protein and MP Balance Estimations
In Exp. 1, cattle were fed 1 of 3 dietary treatments containing 0 (control [CON]), 0.4 (low urea [LU] ), or 0.6 % urea (high urea [HU] ; DM basis). These diets were formulated to generate a negative, zero, or positive DIP balance, respectively. Only the CON and HU diets were evaluated in Exp. 2. All diets contained 12% high-moisture corn (HMC), 20% dried DG with solubles (DDGS), 10% ryegrass haylage, 2.9% dry supplement, and dry-rolled corn (DRC; Table 1 ). Dietary CP concentrations were measured at 14.0, 15.1, and 15.6% for the CON, LU, and HU diets, respectively. Dietary DIP concentrations were estimated at 6.4, 7.5, and 8.0% for the CON, LU, and HU diets, respectively (Table 1) , using measured CP and book-referenced DIP concentrations of each diet ingredient. Bookreferenced DIP concentrations (CP basis) were 40, 39, 60, 74, and 100% for DRC (NRC, 2000) , DDGS (Cao et al., 2009) , HMC (Lardy et al., 1998) , bromegrass haylage (reference used in place of ryegrass haylage; Beef Magazine, 2012), and urea (NRC, 2000) , respectively. Dietary TDN concentrations were calculated using the summative energy equation suggested by Weiss et al. (1992) and resulted in 80.8, 81.6, and 79.2% for the CON, LU, and HU diets, respectively (Table 1) . Urea fermentation potential (Burroughs et al., 1975) for the CON diet was estimated at 0.73%. Balances of DIP and MP were calculated for each treatment using Level 1 of the NRC (2000) model. Nitrogen available for synthesis of MCP was represented by DIP supply, which was estimated by the model as a function of DMI and dietary DIP concentration. Rumen-degradable N needs for MCP synthesis were represented by DIP requirements, and DIP requirements were calculated as TDN intake adjusted by microbial efficiency. Microbial efficiency was defined as grams of MCP produced per 100 g of TDN.
The model assumes that, when present, DIP deficiencies (DIP requirements > DIP supply) are overcome by degradable N supplementation. Therefore, the amount of MCP synthesized in the rumen per day was represented by daily DIP requirements. Additionally, DIP and MP balances were estimated based on some modifications to Level 1 of the NRC (2000) model, which considered inefficiencies in ammonia-N (NH 3 -N) capture by ruminal microbes and contribution of MCP to MP supply under negative DIP balance. Efficiency of NH 3 -N capture by ruminal microbes is below 100% due to direct absorption of NH 3 -N across the rumen wall and passage of fluid from the rumen (NRC, 1985) . Therefore, DIP balance was estimated as DIP supply -DIP requirements × 1.18. When DIP balance was positive, contribution of MCP to MP supply was calculated as DIP requirements × 0.64; when negative, the contribution was estimated as DIP supply × 0.85 × 0.64 (NRC, 2001 ). In Exp. 2, treatment ADG used for MP requirements calculations was estimated using NRC (2000) equations and based on observed DMI and DM digestibility.
Experiment 1
Cattle Processing and Feeding Protocol. Thirtythree purebred Angus steers originating from the NCROC and 9 Angus-crossbred steers originating from a commercial operation (428 ± 5 kg initial BW) were housed in an open soil-surfaced feedlot pen (4,370 m 2 ) provided with a concrete-surfaced enclosed barn (445 m2). The barn provided 3.5 m2 of shade per steer. Water was always available. Steers were blocked by source and randomly assigned within each source to 1 of the 3 aforementioned dietary treatments, which were used during both adaptation and experimental periods. Steers were adapted to treatment diets for 14 d by increasing feed delivery at a rate of 0.5 kg/d until feed crumbs were found. Feed was offered ad libitum once daily at 0800 h. Steers were fed using Calan gate individual feeding bunks (American Calan, Northwood, NH), located inside the aforementioned barn. Before feed was delivered, feed refusal was recorded and feed delivery adjusted. Amount of feed delivered was increased 0.5 kg/d when the bunk was found empty, kept the same when feed crumbs weighing up to 0.5 kg were found, or decreased half the weight of the refusal when the latter was over 0.5 kg. Refusals were weighed and sampled weekly. Dry matter intake was estimated as the difference between weekly delivery and refusal. Diets were prepared and diets and feed ingredients were sampled twice a week. Feed piles were stored inside the aforementioned barn.
On d -27, steers were implanted with Synovex Choice (Zoetis, Florham Park, NJ; 100 mg trenbolone acetate and 14 mg estradiol benzoate). For initial and final BW estimation, steers were held off feed for 14 h and weighed individually. To estimate intermediate BW, steers were weighed individually every 28 d before feed delivery. On d 85, steers were humanely slaughtered at a commercial abattoir and carcass characteristics were measured. Final BW was adjusted using individual HCW and group dressing percentage (60.6%). Dressing percentage was determined at the abattoir from carcass weight and live weight on arrival. Daily gain and G:F were adjusted using carcass-adjusted final BW.
Experimental Design and Data Analyses. Experimental units (animal) were arranged in a generalized randomized complete block design. Animals were blocked by source and there were 14 replications per treatment. Source and its interaction with treatment were considered as random effects.
Feedlot cattle performance data, LM area, 12th rib fat thickness, HCW, and marbling score were analyzed using the MIXED procedure while USDA yield and quality grade frequencies were analyzed using the GENMOD procedure of SAS 9.3 (SAS Inst. Inc., Cary, NC). Effects were considered significant when P-values were less than or equal to 0.05 and were considered trends when P-values were between 0.05 and 0.10. When the P-value for treatment effect was equal or less than 0.10, treatment means were separated using a t test (pdiff option). The statistical significance of the source × treatment interaction was determined by a χ 2 test between the full and reduced models (M. Casler, USDA-ARS, Madison, WI, personal communication). When the null hypothesis was not rejected (calculated χ 2 value < critical χ 2 value), data were analyzed based on the reduced model.
Experiment 2
Experimental Design, Cattle Handling, and Feeding Protocol. Four Holstein steers (347 ± 18 kg initial BW) fitted with flexible ruminal cannulas (Bar Diamond, Inc., Parma, ID) were assigned randomly to a duplicated 2 × 2 Latin square or crossover design to allow for 4 replications per treatment. The experiment consisted of two 21-d periods. Steers were weighed before feed delivery on d 1 and 2 of each period. Steers were group housed by treatment in pens from d 1 to 15 and individually housed in metabolism stalls from d 16 to 21. During the first 13 d of each period, steers were adapted to their assigned diet, which was offered at 0900 h. Bunks were monitored daily to adjust feed offering. From d 14, diets were offered ad libitum and refusals were recorded daily and kept in the bunk unless they represented more than 5% of daily feed delivery. In this case, the refusal was removed, weighed, and sampled. Otherwise, refusals were removed, weighed, and sampled at the end of each period.
Sample and Data Collection and Laboratory Analyses. To determine apparent total tract digestibility of OM and its components, animals were intraruminally dosed at 0700 and 1900 h daily from d 11 to 21 with 7.5 g of chromic oxide contained in porcine gelatin capsules. Fecal grab samples were collected at 0700, 1300, and 1900 h from d 17 to 21 and stored at -20°C. After completion of the experiment, fecal samples were freeze-dried, ground, and composited by steer and period. Chromium concentration in feces was determined using an atomic absorption spectrophotometer (AAanlyst 200; PerkinElmer, Walther, MA) based on the procedure suggested by Williams et al. (1962) . Daily fecal output was estimated as [chromic oxide dose (g/d) × Cr concentration in chromic oxide (g/g)]/Cr concentration in feces (g/g).
Feed and fecal OM, CP, starch, and NDF contents were determined by methods 942. 05, 990.03, 920.40, and 2002.04 (AOAC, 2012) , respectively. Digestibility of OM and its components was estimated as {[intake (g) -excretion (g)]/intake (g)} × 100.
Daily excretion of OM was calculated based on OM concentration in feces and daily fecal output. Similar calculation was used to estimate excretion of OM components.
Ruminal pH was recorded by sensors programmed to measure and record ruminal pH every 5 min (Kahne Ltd., Auckland, New Zealand). Probes were inserted into the rumen of each steer on d 16 and removed at the end of each period. Data were downloaded from individual probes on completion of each period and composited by steer and period on an hourly basis for a 24-h period.
Concentrations of VFA and NH 3 -N were measured in ruminal fluid samples collected on d 21 at -1, 2, 4, 8, 12, 16 , and 24 h after feed delivery. Ruminal fluid samples were collected by a manual suction strainer inserted through the ruminal cannula. Concentration of VFA was determined using a Hewlett-Packard 6890 gas chromatographer (Agilent Tech., Santa Clara, CA) and a glass packed column (product number 23110-U; Supelco Inc., Bellefonte, PA) and based on the procedure suggested by Erwin et al. (1961) . Determination of VFA concentration proceeded at 175°C for 18 min, at 225°C for the next 5 min, and at 175°C for the last 4 min. Concentration of NH 3 -N was determined by steam distillation (Bremner and Keeney, 1965) with magnesium oxide using a 2300 Kjeltec analyzer unit (Foss Tecator AB, Höganäs, Sweden).
Differences in the PDC index between treatments were used as indicators of differences in MCP synthesis (Chen and Ørskov, 2004) . The PDC index was defined as BW 0.75 × (PD/Crt), in which concentrations of purine derivatives (PD) and creatinine (Crt) were expressed in millimolar and BW was expressed in kg . Urine is the means through which PD from the metabolism of microbial nucleic acids (Chen and Ørskov, 2004) and Crt from muscle metabolism (Lofgreen and Garrett, 1954; Van Niekerk et al., 1963) are excreted. Therefore, PD (allantoin and uric acid) and Crt were simultaneously determined in urine samples (Shingfield and Offer, 1999) using HPLC (Gilson, Middleton, WI). Urine was sampled at the same time points used for fecal sample collection. Urine samples were collected using a 2-L container attached to the steer via a rope fastened around the steer's body, allowing for a free-flowing urine sample. After collection, the container was removed from the animal and 50 mL of urine were transferred into a plastic conical tube and immediately stored at -20°C. After completion of the experiment, urine samples were composited by time, steer, and period.
Data Analyses. Chen and Gomes (1995) proposed a formula to predict absolute MCP flow from urinary PD. Many of the factors included in this model are highly variable, which may result in estimations inconsistent with MCP flow estimated from duodenal purines (Crawford, 2007) . However, urinary PD are a reliable marker to estimate relative differences in MCP flow (Südekum et al., 2006) . Therefore, the effect of urea supplementation on MCP flow and microbial efficiency was analyzed using absolute PD-derived MCP flow and microbial efficiency, although it was reported in relative terms. Absolute MCP flow (g/d) was estimated as (PD a × 70 × 6.25)/(0.116 × 0.830 × 1,000), in which PD a represented intestinally absorbed PD of microbial origin (mmol/d), 70 was N concentration of purines (mg/mmol), 6.25 was the conversion factor of N to CP, 0.116 was the ratio of purine-N to total N in mixed ruminal microbes, and 0.83 was the intestinal digestibility of microbial purines (Chen and Gomes, 1995) . The equation (PD e -0.385 × BW 0.75 )/0.850 was used to estimate PD a , in which PD e was the amount of PD excreted by the animal (mmol/d), 0.385 was the endogenous contribution of PD per kilogram of metabolic BW (kg), and 0.85 represented the proportion of absorbed PD that are recovered in urine; PDe was estimated based on urinary PD concentration and total urine output, assuming that the internal marker Crt was excreted at a rate of 28 mg/kg of BW (McCarthy et al., 1983; Whittet et al., 2004) . Microbial efficiency was estimated as
Relative differences in MCP flow and microbial efficiency between treatments were estimated as [(A HU -A CON )/A CON ] × 100, in which A CON and A HU were defined as absolute MCP flow or microbial efficiency for the CON and HU diets, respectively.
Data collected after the end of adaptation period (d 16) were analyzed using the MIXED procedure of SAS 9.3 (SAS Inst. Inc.). For pH, VFA, NH 3 -N, PDC index, and MCP flow, a repeated measure structure was considered. The model included dietary treatment, time, treatment × time interaction, and period as fixed effects and animal within square and square as random effects. Degrees of freedom were calculated requesting the Satterthwaite option. The best covariance structure was selected for each variable following procedure suggested by M. Casler (USDA-ARS, Madison, WI, personal communication). Briefly, unstructured matrices of variances, covariances, and correlations were requested. Based on this information, inadequate structures were ruled out. When more than 1 structure was potentially suitable, final selection was made based on information criteria. To decide between models that differed in number of parameters, a χ 2 test involving the residual log likelihood criteria was performed.
When significant and of interest, the time effect was evaluated by polynomial contrasts, for which coefficients for unequally spaced sampling times were obtained through the IML procedure of SAS 9.3 (SAS Inst. Inc.). Level of significance was set and treatment means separation was performed as described in Exp. 1.
RESULTS AND DISCUSSION
Based on χ 2 tests, no significant source × treatment interactions were observed for variables evaluated in Exp. 1; therefore, only main effects were analyzed and are presented. Initial BW, carcass-adjusted final BW, and DMI were similar among treatments (P ≥ 0.58; Table 2 ); expressed as a proportion of BW, DMI averaged 2.45%. Carcass-adjusted ADG was greater for cattle fed the HU diet compared with those fed the LU (P = 0.02) and CON (P = 0.04) diets and was similar between cattle fed the LU and CON diets (P = 0.73). Carcass-adjusted G:F tended to be different between treatments (P = 0.08; Table 2 ), being greater (P = 0.03) or tending to be greater (P = 0.09) for cattle fed the HU diet compared with those fed the LU and CON diets, respectively, and being similar between cattle fed the LU and CON diets (P = 0.61). Hot carcass weight, 12th rib fat thickness, LM area, marbling score, and yield and quality grade distributions were similar among treatments (P ≥ 0.34; Table 3) .
Similar results on ADG and G:F were reported by Ponce (2010) when increasing dietary DIP from 6.8 to 8.3% through inclusion of urea in a steam-flaked corn (SFC)-based diet containing 15% wet DG with solubles (WDGS). On the contrary, no beneficial effects on performance were observed by this author when increasing dietary DIP concentrations beyond 8.0% or when adding urea to a diet containing 30% WDGS; Means with uncommon superscripts differ (P < 0.05).
x,y Means with uncommon superscripts differ (P < 0.10).
1 Adjusted using individual HCW and group dressing percentage (60.6%).
2 Based on carcass-adjusted final BW. (Strobel and Russell, 1986; Klemps et al., 1987; Russell and Wilson, 1996; Russell, 2007) ; this may result in reduced microbial efficiency (Russell and Dombrowski, 1980; Strobel and Russell, 1986) . Therefore, even though SFC-based diets may result in increased availability of rumen fermentable carbohydrates, potentially reduced ruminal pH may negatively impact microbial efficiency, thus reducing DIP requirements and the need for urea supplementation.
In agreement with Exp. 1, intake was not affected by treatment (P ≥ 0.24; Table 4) in Exp. 2 and averaged 10.4 ± 0.1 and 9.9 ± 0.1 kg/d of DM and OM, respectively. Intake of DM represented 2.24% of BW. In contrast, NDF digestibility was improved by the addition of urea (P = 0.04; Table 4 ). This result, plus a numerical increase in starch and CP digestibility (P ≥ 0.30; Table 4), might have explained greater OM digestibility (P = 0.04) for cattle fed the HU diet compared with those fed the CON diet. Despite NH 3 -N being demonstrated as the main source of N for protein synthesis, NH 3 -N plays a more important role in nutrition of the relatively slow-growing fiber-digesting bacteria compared with the fast-growing soluble sugar-fermenting or starch-digesting bacteria (Bryant and Robinson, 1963; Hungate, 1966) . This may help explain urea supplementation significantly enhancing NDF digestibility. Digestibility of CP was similar between treatments (P = 0.46; Table 4 ) and averaged 69.4 ± 1.7%. Milton et al. (1997b) , Zinn et al. (2003) , and Crawford (2007) reported increased starch ruminal digestibility from 47.1 to 64.4%, from 88.0 to 93.1%, and from 83.4 to 89.8%, respectively, when increasing urea supplementation to DRC-, steamflaked barley (SFB)-, or SFC-based diets. Increased total tract digestibility of OM was also observed in the study by Zinn et al. (2003) .
Except 1 h before feed delivery, when NH 3 -N concentration was similar between treatments ( Fig. 1) , cattle fed the HU diet yielded a greater NH 3 -N concentration than those fed the CON diet, mainly during the first hours after feed delivery due to a rapid increase of NH 3 -N concentration in the former (treatment × time, P = 0.06). DiLorenzo and DiCostanzo (2007a,b) observed that about 25% of total NH 3 -N produced in ruminal fluid by urea hydrolysis is released within the first 0.5 h after incubation in vitro. Therefore, it is possible that the NH 3 -N spike for cattle fed the HU treatment observed in the present experiment at 2 h after feed delivery represents a point in the diminishing phase of a larger and earlier NH 3 -N peak. Satter and Slyter (1974) reported that microbial protein yield, measured as tungstic acid-precipitable N, increased linearly with supplementary urea until NH 3 -N started to accumulate and that increasing NH 3 -N concentration beyond 5 mg/dL had no effect on microbial protein production. The authors estimated limiting ruminal concentration of NH 3 -N for microbial protein yield to be close to 2 mg/dL; however, they suggested a concentration of 5 mg/dL as a safe margin. Interestingly, NH 3 -N ruminal concentration for cattle fed the CON diet was below 5 mg/dL for most of the day. Except for the absence of a peak in NH 3 -N ruminal concentration for cattle fed the CON diet, a similar response of NH 3 -N concentration to time was observed for both dietary treatments (treatment × time, P = 0.06; Fig. 1 ).
In agreement with significantly greater OM digestibility, total VFA concentration was greater for cattle fed the HU diet (119.1 ± 7.0 mM) than for those fed the CON diet (86.4 ± 7.0 mM; P < 0.01), and this result was independent of time (treatment × time, P = 0.23; Table  5 ). Numerical increase in total VFA concentration was reported by Milton et al. (1997a,b) and Zinn et al. (2003) when adding urea to DRC-or SFB-based diets, respectively. Similarly, propionate and acetate concentrations were greater for cattle fed the HU diet compared with cattle fed the CON diet at most sampling times (treatment × time, P ≤ 0.02; Fig. 2 ), which may reflect the significantly greater NDF and the numerically greater starch digestibility (Table 4) . Total VFA concentration was affected by time (P < 0.01; Table 5), increasing greatly from 2 to 12 h after feed delivery and decreasing thereafter (Fig. 3) . A concurrent and opposite response to time was observed for ruminal pH (P < 0.01; Table 5 ; Fig. 2) . As reported by Zinn et al. (2003), 86.6% of ruminal pH variation can be explained by VFA ruminal concentration. Because urea has a ruminal alkalizing effect, which may attenuate ruminal pH drops when highly fermentable diets are consumed (Zinn et al., 2003) , potential negative effects of greater total VFA concentration on ruminal pH in cattle fed the HU diet compared with those fed the CON diet could have been attenuated by the inclusion of urea, thus resulting in similar pH between treatments (P = 0.31; Table 5 ). Concentration of NH 3 -N decreased soon after feed delivery (Fig. 1) , likely reflecting greater NH 3 -N microbial use during times of increased microbial activity and VFA production.
Acetate and propionate concentrations were affected by time (P ≤ 0.05), increasing from -1 to 8 h after feed delivery and decreasing thereafter for cattle fed the HU diet while varying slightly from -1 to 8 h, peaking at 12 h after feed delivery, and decreasing thereafter for cattle fed the CON diet (treatment × time, P ≤ 0.02; Fig.  2 ). This can be interpreted as microbial activity being stimulated after feed was delivered. Interestingly, and except for a concurrent increase at 8 or 12 h after feed delivery for cattle fed the HU or CON diet, respectively, response to time of branched-chain VFA (BCVFA) concentration (P < 0.01) was almost opposite to that observed for acetate and propionate concentrations (Fig. 2) . As opposed to other VFA, BCVFA solely result from fermentation of branched-chain AA and represent carbon backbone sources for the synthesis of microbial branched-chain AA (Allison and Bryant, 1963 ; Allison, 1969; Russell, 2002) , in particular for cellulolytic bacteria. The latter cannot synthesize branched-chain AA de novo and they do not seem to have AA-fermenting activity; therefore, they rely on AA-fermenting bacteria to provide them with BCVFA as precursors for branchedchain AA synthesis (Allison and Bryant, 1963; Russell, 2002) . Consequently, the response of acetate and propionate to time in comparison with that of BCVFA could be interpreted as a consequence of microbial activity, which in turn affects the balance between carbohydrateand AA-derived VFA production and utilization.
Considering similar dietary nonurea CP concentration, DMI, and CP digestibility, the supply of dietary AA to the rumen should have been similar between treatments. On the other hand, increased microbial activity, as evidenced by greater OM digestibility and greater carbohydrate-derived VFA for cattle fed the HU diet compared with those fed the CON diet, might have resulted in greater microbial utilization of BCVFA. Therefore, a smaller BCVFA concentration for cattle fed the HU diet compared with those fed the CON diet was expected. However, such difference (Fig. 2) was not significant at any sampling time (P ≥ 0.33).
Based on similar dietary starch and NDF concentrations, DMI, and starch digestibility between treatments and greater NDF digestibility for cattle fed the HU diet compared with those fed the CON diet, it would have been reasonable to observe greater acetate-to-propionate ratio and acetate molar proportion and smaller propionate molar proportion for cattle fed the HU diet compared with cattle fed the CON diet.
However, none of these 3 variables was affected by treatment (P ≥ 0.52; Table 5 ; Fig. 4) .
Propionate molar proportion increased quadratically (P = 0.04; Fig. 4 ) throughout the day, regardless of treatment (treatment × time, P = 0.27; Table 5 ). Molar proportions of acetate and butyrate decreased and increased quadratically (P ≤ 0.03; Fig. 4) , respectively, only for cattle fed the CON diet (treatment × time, P ≤ 0.07; Table 5 ) and this opposed response to time might reflect the fact that for the synthesis of each mole of butyrate, 2 moles of acetate are removed from the pool. This resulted in a trend (P = 0.06) for a quadratic decrease (P = 0.09; Fig. 4 ) in the acetate-to-propionate ratio from -1 to 16 h after feed delivery, irrespective of treatment (treatment × time, P = 0.58). This decrease in acetate-to-propionate ratio with time might be associated with a concurrent decrease in ruminal pH (Fig. 1) . Ruminal pH can differentially affect ruminal bacteria populations (Russell and Wilson, 1996) , which in turn may alter VFA molar proportions depending on prevailing VFA-production pathways present in each bacteria group. Russell (1998) reported that 25% of the reduction in acetate-to-propionate ratio could be explained by the reduction of pH alone. This author and Van Kessel and indicated that increased propionate proportion with decreasing pH represents a means of hydrogen disposal in an environment unfavorable for methanogens. Studies reviewed by Dijkstra et al. (2012) reported that bacteria have the ability to shift VFA-producing pathways in response to changes in pH while fermenting the same substrate. 2 . Acetate, propionate, and branched-chain VFA (BCVFA; summation of isobutyric, isovaleric, and 2-methylbutyric acids) ruminal concentrations as affected by hours after feed delivery in animals fed a control (CON) or high urea (HU) diet with no urea added or added at 0.6% of dietary DM, respectively (Exp. 2); treatment × time, P ≤ 0.02; the P-value of the difference between means at -1, 2, 4, 8, 12, 16, and 24 h after feed delivery was 0.60, 0.17, 0.26, 0.05, 0.16, <0.01, and <0.01 for acetate, 0.09, 0.03, 0.06, 0.01, 0.01, <0.01, and <0.01 for propionate, and ≥0.33 for BCVFA, respectively; SED at each time point averaged 6.2, 4.8, and 0.7 mM for acetate, propionate, and BCVFA, respectively.
A significant treatment × time interaction was observed for the PDC index (P < 0.01), which was similar (P = 0.81) between treatments at 2 h before feed was delivered: 4% lower (P < 0.01) and 14% greater for cattle fed the HU diet compared with those fed the CON diet at 4 and 10 h after feed delivery, respectively. This resulted in a quadratic or linear increase with time in the PDC index for cattle fed the CON or HU diet, respectively (P < 0.01; Fig. 5 ), which suggests that greater differences between treatments could potentially be observed at later hours after feed delivery. Likely reflecting changes in microbial activity and MCP synthesis, the effect of time after feed delivery on the PDC index was consistent with that on VFA and NH 3 -N concentrations and ruminal pH. Given gastrointestinal transit time, metabolic processes, and excretion, urinary PD provides a delayed reflection of ruminal microbial activity. Therefore, it would have been useful to determine urinary PD concentration beyond 10 h after feed delivery. In other words, a better understanding of the relationship between urinary PD and VFA and NH 3 -N concentrations could have been established if urinary PD had been determined throughout a 24-h cycle representative of VFA and NH 3 -N collection protocol. An effect of time and urea supplementation on PD:Crt ratio was reported in the study by Crawford (2007) , in which PD:Crt was greater at 9 compared with -1 h after feed delivery and for animals fed a SFC-based diet containing 1.5 compared with 0% dietary urea. Chen and Ørskov (2004) reported that intestinal flow of microbial purines and DMI correlated to the PDC index. Because DMI was not affected by treatments, differences in the PDC index between treatments can be attributed to differences in MCP synthesis. Results in the PDC index indicated no differences (P = 0.84) in MCP flow between treatments at 2 h before feed was delivered and a 5% decrease (P < 0.01) and a 20% increase for cattle fed the HU diet compared with those fed the CON diet at 4 and 10 h after feed delivery, respectively (treatment × time interaction, P < 0.01). As a result of similar OM intake and greater OM digestibility, the amount of OM digested tended (P = 0.08) to be greater for cattle fed the HU diet compared with cattle fed the CON diet. The greater amount of OM digested and MCP flow for cattle fed the HU diet compared with those fed the CON diet resulted in similar microbial efficiency between treatments (P = 0.97).
Based on potential negative effects of decreased ruminal pH on microbial efficiency, Level 1 of NRC (2000) model estimates microbial efficiency as maximum microbial efficiency (13%) affected by a coefficient called the "effective NDF adjusted" (eNDFadj), which depends on dietary effective NDF (eNDF) concentration. The latter refers to the proportion of the NDF that is sufficiently large (>1.18 mm; NRC, 2000) to be effective at stimulating chewing, rumination, and salivation and, consequently, at mitigating ruminal pH drop. Therefore, dietary concentration of eNDF is used by the model to predict ruminal pH and estimate eND- Figure 4 . Acetate, propionate, and butyrate molar proportions and acetate-to-propionate ratio (A:P) as affected by hours after feed delivery in animals fed a control (CON) or high urea (HU) diet with no urea added or added at 0.6% of dietary DM, respectively (Exp. 2); treatment × time, P ≤ 0.07 for acetate and butyrate molar proportions. The difference in acetate or butyrate molar proportions between the CON and HU diets at each time point was nonsignificant (P ≥ 0.24); SED at each time point averaged 6.2 and 2.0 mol/100 mol for acetate and butyrate molar proportions, respectively; SEM at each time point averaged 7.1 mol/100 mol for propionate molar proportion and 0.40 for A:P. Fadj coefficient. The model assumes that at 20% eNDF, microbial efficiency is maximized. Therefore, for diets containing as much or more than 20% eNDF, the coefficient value is 1 while a reduction of 0.025 units per each percentage unit of dietary eNDF below 20% is integrated in the model. Based on similar dietary eNDF among treatments (6.6%; Table 1), model-estimated pH for any of the 3 diets was 5.71 and the associated estimated microbial efficiency was 8.71%. In addition, similar dietary TDN (Table 1) and DMI (Table 2) resulted in similar DIP requirements across diets (894 g/d; Table 6 ). Conversely, due to differences in dietary DIP concentration, DIP supply was smallest for cattle fed the CON diet (807 g/d; Table 6 ), intermediate for cattle fed the LU diet (948 g/d), and greatest for cattle fed the HU diet (1,019 g/d). Consequently, estimated DIP balances were -87, 54, and 125 g/d for cattle fed the CON, LU, and HU diets, respectively (Table 6 ). Based on these results, a question to address would be why ADG and G:F were improved for cattle fed the HU diet compared with those fed the LU diet if DIP requirements were already met and even exceeded with the latter. As expressed before, model-estimated pH was 5.71. However, ruminal pH measured in Exp. 2, which was similar for cattle fed the CON and HU diets (Table 5) , averaged 5.86. When measured pH was integrated in the NRC model, microbial efficiency increased from 8.71 to 9.88%. Dijkstra et al. (2012) demonstrated that charged molecules, such as proteins, are able to exchange cations (K, Ca, and Mg) for protons, thus contributing to ruminal buffering capacity. Therefore, partial substitution of DRC by DG in the diets evaluated in both experiments might have resulted in ruminal pH being greater than that estimated by the model. Consequently, measured pH-based DIP balances were -169 and 4 g/d for cattle fed the CON and HU diets, respectively (Table 6 ). Possibly, feeding the LU diet would have resulted in a negative and intermediate DIP balance between that one generated by feeding the CON and HU diets. Therefore, actual pH being greater than that predicted by the model may have accounted for increased microbial efficiency and DIP requirements. This observation would explain why supplementing urea at 0.6% resulted in an almost complete balance between DIP requirements and supply, which in turn resulted in enhanced feed digestibility, ruminal fermentation, and animal performance compared with including 0 or 0.4% dietary urea. Potential positive effect of high DMI observed in both studies (2.45 and 2.24% of BW for Exp. 1 and 2, respectively), likely permitted by greater ruminal pH, on microbial efficiency is not considered in the NRC (2000) model and may also help explain DIP requirements being greater than projected. The positive association between microbial efficiency and DMI arises from the positive effect of DMI on particle, liquid, and microbial outflow rates. Various studies reported an increase in both fractional rate of passage and dilution rate in cattle with increasing DMI (Sniffen and Robinson, 1987) or DMI expressed as a percentage of BW (Evans, 1981a,b) . Faster outflow rates result in increased microbial efficiency (Isaacson et al., 1975; Russell and Baldwin, 1979; Meng et al., 1999) because mean age of microbial population is decreased. A younger population may be subject to lower death and predation rates (Van Soest, 1994; Meng et al., 1999; Russell, 2002) . Additionally, faster outflow rates select in favor of fast-growing microbes (Meng et al., 1999) , reducing the proportion of energy intended for microbial maintenance.
The fact that feeding the LU diet did not enhance animal performance compared with feeding the CON diet may suggest that the alleviation of the DIP deficit produced by including 0.4% urea was not sufficient to improve ruminal fermentation in a magnitude that would produce a noticeable impact on animal response.
When considering inefficiencies in NH3-N capture by ruminal microbes (NRC, 2001) , estimated DIP balances were -318 and -145 g/d for cattle fed the CON and HU diets, respectively (Table 6 ). This result may suggest that further improvements in ruminal fermentation and animal performance could have been observed with a better balance between DIP supply and requirements resulting from urea included at a rate above 0.6% of dietary DM.
Interestingly, ruminal fermentation and animal performance were improved for cattle fed the HU diet (2000) model, which assumes that, when present, DIP deficiencies (DIP requirements > DIP supply) are overcome by degradable N supplementation. Therefore, the amount of microbial protein synthesized in the rumen per day is represented by daily DIP requirements.
2 Estimated using Level 1 of the NRC (2000) model and measured pH.
3 Estimated using measured pH and modifications to the Level 1 of the NRC (2000) model: DIP balance = DIP supply -DIP requirements × 1.18; when DIP balance resulted positive, contribution of microbial CP to MP supply was calculated as DIP requirements × 0.64; when negative, the contribution was estimated as DIP supply × 0.85 × 0.64 (NRC, 2001) . 4 Cattle ADG for MP calculations in Exp. 2 was estimated using NRC (2000) equations and observed DMI and DM digestibility. compared with those fed the CON diet even when MP requirements were met with both diets (Table 6 ). In other words, animal performance improved with increasing positive MP balance (241 or 284 g/d for cattle fed the CON or HU diet, respectively; Table 6 ). DiCostanzo (2007) reported a quadratic increase in ADG with increasing MP balance up to approximately 200 g/d. Because DMI affects MP balance directly by affecting at least the amount of undegradable protein ingested, positive associations between MP balance and animal performance might be explained by a positive association between the former and DMI, which was also reported by DiCostanzo (2007) . However, this was not the case in the present experiment, because DMI was not affected by treatment; that is, variations in MP balance across treatments were not related with variations in DMI. Based on calculations performed considering inefficiencies in NH3-N capture and MCP contribution to MP balance under negative DIP balance (DIP supply × 0.85 × 0.64; Table 6 ), increased MP balance for cattle fed the HU diet (284 g/d; 1,082 and 798 g/d for MP supply and requirements, respectively) compared with those fed the CON diet (241 g/d; 988 and 747 g/d for MP supply and requirements, respectively) was due to increased MCP synthesis as a result of increased DIP supply through the inclusion of urea and despite increased MP requirements driven by increased ADG. Estimation of increased MCP synthesis by the addition of urea, and therefore its contribution to MP balance, was in agreement with the 14% increment in the PDC index measured for cattle fed the HU diet compared with cattle fed the CON diet at 10 h after feed delivery. Amino acids supplied above requirements might be used as glucose precursors and/or energy sources. As summarized by Markantonatos (2006) , at most, 60% of the glucose can be derived from propionate in ruminants. Therefore, MP may have an important role as a contributor to gluconeogenesis, which, together with increased feed digestibility and VFA concentrations, may explain improved animal performance when including 0.6% urea in the diet.
Potentially, a DIP deficit can be partially or totally reversed by a positive intestinal MP balance, through urea recycling to the rumen (NRC, 2000) . The fact that urea supplementation effectively enhanced ruminal fermentation irrespective of a positive MP balance does not indicate that urea was not recycled from extra MP to supply additional N to the rumen; it merely suggests that either the amount of recycled urea was not enough to reverse a DIP deficit or that urea from extra MP was not recycled to the rumen in time to be effectively utilized during ruminal digestion of a rapidly fermentable diet.
Microbial N accounts for 50 to 85% of total AA-N entering the small intestine of ruminants (Storm et al., 1983; van der Walt and Meyer, 1988) . In addition, VFA and MCP resulting from ruminal fermentation and microbial growth are essential to provide the animal with energy sources and fatty acid precursors (acetate and butyrate) as well as a glucose precursor (propionate). Consequently, adequate supply of N as well as carbohydrates and other growth factors to enhance ruminal microbial growth is essential for an efficient beef production process. In the present experiments, a combination of high DMI (2.24 to 2.45% BW), moderate DG inclusion (20%), small replacement of DRC by a highly fermentable grain such as HMC (12%), and ruminal pH within a physiological range (5.86) may help explain increased DIP requirements and consequently beneficial effects of 0.6% urea supplementation on ruminal fermentation and feed digestibility, which in turn may explain the concurrently improved animal performance. The fact that DMI was similar while ADG, G:F, feed digestibility, and VFA concentrations were greater when adding 0.6% urea compared with no urea supplementation demonstrates the beneficial effects of increasing DIP supply to a DIP-deficient diet on feed value.
